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Hepatic Injury Induced by Massive Hemorrhage and Red Blood Cell
Resuscitation via Hepatic Cytochrome P450 Protection in
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ABSTRACT: Red blood cell (RBC) transfusions are the gold standard in cases of massive hemorrhage, but induce hepatic ischemia-
reperfusion injury, a serious complication associated with hemorrhage and RBC resuscitation. Thus, the development of a novel resuscitable
fluid that is not associated with hepatic ischemia-reperfusion injury would be desirable. It was reported that exogenous carbon monoxide
(CO) treatment ameliorated hepatic ischemia-reperfusion injury accompanying liver transplantation. This suggests that transfusions with
CO-bound RBC (CO-RBC) might protect against hepatic ischemia-reperfusion injury following massive hemorrhage and resuscitation
compared with RBC resuscitation. To investigate this, we created a hemorrhagic shock model rat, followed by resuscitation with RBC and
CO-RBC. Hepatic ischemia-reperfusion injury and the destruction of hepatic cytochrome P450 (CYP) were significantly ameliorated in
the CO-RBC resuscitation group compared with the RBC resuscitation group. The free heme derived from the destruction of hepatic CYP
was correlated with hepatic oxidation and injury, suggesting that CO-RBC was a major factor in the amelioration of hepatic ischemia-
reperfusion injury induced by hemorrhage and resuscitation via hepatic CYP protection. These results indicate that CO-RBC has potential
for use as a resuscitative fluid in blood transfusion and does not suffer from the limitations associated with the RBC transfusions that are

currently in use. © 2014 Wiley Periodicals, Inc. and the American Pharmacists Association J Pharm Sci 103:2199-2206, 2014
Keywords: cytochrome P450; pharmacokinetics; drug transport; hepatic metabolism; drug effects

INTRODUCTION

Hemorrhagic shock, resulting from massive blood loss, is a
pathophysiological state in which the circulatory system is not
able to meet its oxygen requirements and to adequately perfuse
tissues. The mortality rate associated with severe bleeding can
be very low, provided an appropriate treatment is established
in a timely manner. Hence, it is important to rapidly control
bleeding, to replace circulating volume, and to recover oxygen-
carrying capacity. Red blood cell (RBC) transfusions are cur-
rently the gold standard in cases of persons who are in a state
of hemorrhagic shock. Such a procedure ensures survival and
greatly contributes to human health and welfare. However, it
is known that systemic ischemia-reperfusion that could cause
damages to organs, such as liver, can be induced by standard
resuscitation (RBC transfusion) from a massive hemorrhage.!
Therefore, RBC transfusion-induced ischemia-reperfusion is
one of the major deleterious factors that affect the maintenance

Abbreviation used: RBC, red blood cells; CO, carbon monoxide; CORMs,
CO-releasing molecules; CO-RBC, carbon monoxide-bound red blood cell; CYP,
cytochrome P450; AST, aspartate aminotransferase; ALT, alanine amino-
transferase; NOx, nitrogen oxide; NO3~/NOs~, nitrate/nitrite; MDA,
malondialdehyde; ROS, reactive oxygen species.
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of homeostasis. Therefore, the development of an alternative
RBC transfusion that can achieve, not only resuscitation from
shock, but also organ protection from ischemia-reperfusion
would be highly desirable.

Carbon monoxide (CO) inhalation or the pharmacological
application using CO-releasing molecules (CORMSs) have been
reported to ameliorate local ischemia-reperfusion injury ac-
companied by certain diseases, such as organ transplantation,
in liver, kidney, heart, and so on,>* because CO, when ap-
plied at low concentrations, possesses a variety of physiolog-
ical activities including anti-inflammatory, antiapoptotic, and
antioxidant activities.>® This suggests that CO, when adminis-
tered in combination with resuscitative fluids, could be used to
prevent organ damage caused by ischemia-reperfusion injury,
even in the case of resuscitation from hemorrhagic shock via
RBC transfusion. However, under conditions of hemorrhagic
shock, immediate attention is needed. Therefore, CORMs and
inhaled CO would not be applicable for use in emergency medi-
cal care, especially massive bleeding, from a clinical perspective
for the following reasons: (1) CORMs rapidly liberate CO, with
a half-life of 1-21 min,’ indicating that the repeated adminis-
tration of CORMs would be required to achieve a sustainable
therapeutic effect of CO. (2) Special equipment would be needed
in the case of inhaled CO to control carboxyhemoglobin levels,
which can cause CO toxicity.® Thus, it should be noted that
an alternative CO donor would be essential for the successful
application of CO, even in an emergency situation. One of the
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current promising agents for overcoming this issue is CO-bound
RBC (CO-RBQC).

Fortunately, as CO easily and stably binds to hemoglobin
in RBC, RBC represents a leading candidate for use as a car-
rier of CO. This characteristic of CO enables CO-RBC to be
easily and rapidly prepared by bubbling CO gas through the
RBC resuscitative fluid for 5 min.? In addition, we and other
groups previously prepared CO-RBC, and showed that CO-RBC
could be an effective resuscitative fluid as RBC with no ad-
verse or toxic effects.”!! These findings led us to hypothesize
that CO-RBC would offer great potential for use as an effec-
tive resuscitative fluid with organ-protective function against
ischemia-reperfusion tissue injury induced by hemorrhage and
resuscitation. However, there is no report about the detailed ef-
fects of CO-RBC on ischemia—reperfusion tissue injury induced
by hemorrhage and resuscitation, because the aforementioned
studies limited the utility evaluation as RBC alternative prepa-
ration including its influence on blood pressure, laboratory pa-
rameters, microhemodynamics, survival, and pharmacokinet-
ics of substrate drugs for limited cytocrome P450 (CYP) isoform
in rodent model of hemorrhagic shock.%!

The present study was designed to test the hypothesis that
CO-RBC has potential for use as an RBC alternative prepa-
ration for limiting ischemia-reperfusion tissue injury induced
by RBC transfusion. For this purpose, we focused on the use
of hemorrhagic shock model rats, and examined (1) whether
CO-RBC transfusion protects against hepatic injury and the
expression of CYP and (2) how CO-RBC transfusion con-
tributes to the beneficial effects compared with a standard RBC
transfusion.

MATERIALS AND METHODS

Preparation of Hemorrhagic Shock Model Rats and Resuscitation
from Hemorrhagic Shock

All animal experiments were performed according to the guide-
lines, principles, and procedures for the care and use of labo-
ratory animals of Kumamoto University. Forty-five male SD
rats (180-210 g, Kyudou Company, Kumamoto, Japan) were
anesthetized and polyethylene catheters (PE 50 tubing, outer
diameter equal to 0.965 mm, and an inner diameter equal to
0.58 mm; Becton Dickinson and Company, Tokyo, Japan) con-
taining saline and heparin were then introduced into the left
femoral artery. Hemorrhagic shock was induced in 30 rats by
removing 40% of the total blood volume according to a previ-
ous report.}?1% The systemic blood volume was estimated to be
56 mL/kg.'* Under these experimental conditions, the mean
arterial pressure remained at less than 40 mm Hg for 30 min.
The hemorrhagic shock rats were resuscitated by an infusion of
RBC (n = 15) or a CO-RBC (n = 15) resuscitative fluid at a rate
of 1 mIL/min. The RBC and CO-RBC resuscitative fluid was
prepared as described in a previous report.® The hemoglobin
concentration of the RBC and CO-RBC resuscitative fluid were
adjusted to 10 g/dL. The volume of the infused resuscitative flu-
ids was equal to 40% of the total blood volume (22.4 mI/kg) at
the baseline. After resuscitation from shock, the femoral artery
was ligated, and the skin was sutured with a stitch. In addition,
15 rats were performed prewritten operation without removing
blood and resuscitation, which were subjected to a sham group.
All animals were maintained in a temperature-controlled room
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with a 12-h dark/light cycle and ad libitum access to food and
water. All of the rats that were resuscitated by both RBC and
CO-RBC survived until the end of the experiments. Moreover,
the CO-RBC resuscitative fluid group showed no signs of hy-
poxia or abnormal behavior after resuscitation.

Blood Sampling and Measurement of Serum Chemistry

At stipulated times (0, 1, 2, 4, 6, 12, and 24 h) after resusci-
tation, blood samples for serum chemistry analysis were ob-
tained from the tail veins of ether-anaesthetized rats [sham
(n = 5), RBC (n = 5), and CO-RBC (n = 5)]. The collected ve-
nous blood samples were centrifuged (1710g, 10 min) to obtain
serum, which was used for the evaluation of serum chemistry
[aspartate aminotransferase (AST), alanine aminotransferase
(ALT)]. AST and ALT activities levels were determined by using
a transaminase C-II test kit from Wako Chemicals (Saitama,
Japan).

Sample Collection for the Measurement of Nitrate/Nitrite,
Oxidative Stress in Liver, Hepatic-Free Heme, and CYP Contents

At 1 h after resuscitation from hemorrhage, the vena cava of
the sham rats (n = 5), rats resuscitated by both RBC (n = 5) and
CO-RBC (n = 5), was cannulated with a polyethylene catheter
(diameter = 0.9 mm), and the liver was perfused with 1.15%
KCl after collecting blood samples. The collected blood and liver
were preprocessed and nitrate/nitrite (NO27/NO;7) in plasma
and liver, malondialdehyde (MDA) in liver, hepatic-free heme,
and CYP content were measured.

In Vivo Measurement of NOx

The collected blood was centrifuged, and 100 pL of plasma
were used for this study. The livers were homogenized using
BioMashaer. NOx (NO;~ and NO3™) levels were measured by
an automated NO detector high-performance liquid chromato-
graphic system (ENO-10; Eicom, Kyoto, Japan), and NOx, the
oxidative metabolites of NO, were quantified by the Griess re-
action as described in a previous report.®

Evaluation of Oxidative Stress in Liver

Malondialdehyde, as an index of the extent of lipid peroxida-
tion in liver, was determined by means of a TBARS Assay Kit
(Cayman Chemical Company, Ann Arbor, Michigan) following
the manufacturer’s instructions.

Measurement of Hepatic-Free Heme

The collected liver was homogenized (1000 rpm, 5 min, on
ice) using a homogenizer (Ikemoto Scientific Technology, Tokyo,
Japan) in RIPA buffer (150 mM NaCl, 1% NP40, 10 mM Tris—
HCI, protease inhibitor cocktail, pH 7.4). The supernatant was
collected after centrifuging (6000 rpm, 10 min, 4 °C). Free
heme in liver was determined by means of a Heme Assay
Kit (Cayman Chemical Company) following the manufacturer’s
instructions.

Evaluation of Hepatic CYP Content

The collected liver was homogenized (1000 rpm, 5 min, on
ice) using a homogenizer (Ikemoto Scientific Technology, Tokyo,
Japan) in lysis buffer (0.23 M sucrose, 5 mM Tris—HCI, 2 mM
ethylenediaminetetraacetic acid, 50x protease inhibitor cock-
tail, pH 7.4). Subsequently, the supernatant was collected

DOI 10.1002/jps.24029
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Figure 1. Time course for plasma levels of AST (a) and ALT (b) in sham (opened circles) and hemorrhagic shock rats after resuscitation by RBC
(closed circles) or CO-RBC (gray circles). The values are means = SD (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001 versus sham group. #p < 0.05,

##p < 0.01 versus RBC group.

after centrifuging (10,000g, 30 min, 4°C). Then, the precip-
itation was collected by super centrifuging as microsomes
(105,000g, 30 min, 4°C). Microsomal P450 contents were de-
termined spectrophotometrically as described in a previous
report.'6

The Pharmacokinetic Experiment Protocol with Dapsone

Sham rats (n = 5), rats resuscitated by both RBC (n = 5) and
CO-RBC (n = 5) were used in pharmacokinetic experiments.
The pharmacokinetic experiments using the dapsone (Alexis
Company, Lausen, Switzerland), a multiple CYP probe, were
performed as described in a previous report.!” At 1 h after re-
suscitation from hemorrhage, dapsone (100 pmol/kg) was ad-
ministered to each rat via the tail vein. Blood samples were col-
lected at multiple time points after the injection of dapsone (5,
15, and 80 min and 1, 2, 4, 6, 12, and 24 h) and the plasma was
separated by centrifugation (3000g, 5 min, 4°C). The concentra-
tion of dapsone and hydroxylaminodapsone in plasma was de-
termined by HPLC according to a previous report.!” The HPLC
system consisted of a Hitachi L-6000 pump, a Hitachi L-4000
UV detector operated at 295 nm, and a Hitachi D-2500 Chro-
mato integrator. Liquid chromatography analyses were carried
out on a COSMOSIL 5C15-MS-II Waters (150 x 4.6 mm? i.d.,
particle size 5 pm).

Data Analysis

A two-compartment model was used to determine the pharma-
cokinetic parameters after administering the dapsone. Phar-
macokinetic parameters were estimated by curve fitting using
MULTI, a normal least-squares program.'® Data are shown as
the means + SD for the indicated number of animals. Signif-
icant differences among each group were examined using the
Student’s ¢-test. The Spearman test was used for the correla-
tion analysis. A probability value of p < 0.05 was considered to
be statistically significant.

RESULTS
Effect of CO-RBC Transfusion on Hepatic Ischemia-Reperfusion

Although ischemia—reperfusion injury occurs systemically in
many organs during an RBC transfusion for a massive hemor-
rhage, it is well known that ischemia—reperfusion injury in the

DOI 10.1002/jps.24029

liver is a major complication associated with hemorrhage and
resuscitation. Therefore, we focused on the liver in our investi-
gation of the effect of CO-RBC on ischemia—reperfusion injury
accompanied by hemorrhage and resuscitation focusing in this
study.

At first, to evaluate the effect of CO-RBC on hepatic pro-
tection, AST and ALT, which reflect hepatic injury, were deter-
mined up to 24 h after resuscitation. As shown in Figure 1,
AST and ALT levels were significantly increased in the RBC
resuscitation group compared with that in sham group. On
the contrary, these parameters were suppressed in the CO-
RBC resuscitation group (Figs. 1a and 1b). Moreover, to inves-
tigate whether CO-RBC attenuated the induction of ischemia—
reperfusion, we evaluated the nitrogen oxide (NOx; NOy;~ and
NO;™) levels in the plasma and liver, which are increased in
the case of a hemorrhage and resuscitation-induced hepatic in-
Jjury following ischemia-reperfusion.'® As a result, NOx levels
in both the plasma and liver were significantly decreased in the
CO-RBC resuscitation group compared with the RBC resusci-
tation group (Figs. 2a and 2b). These data indicate that the
CO-RBC transfusion attenuated the hepatic injury induced by
ischemia-reperfusion and RBC resuscitation following a mas-
sive hemorrhage.

Expression of Hepatic CYP Protein

To evaluate the effect of resuscitative fluids on hepatic CYP
levels, the expression levels of the hepatic CYP protein were
determined by spectrophotometrical analysis. At 1 h after re-
suscitation, the expressions of CYP in the RBC resuscitation
group were significantly decreased compared with the sham
group, whereas the expression of CYP was maintained in the
CO-RBC resuscitation group (Fig. 3a). In addition, we further
determined the hepatic-free heme concentration, because CYP,
which is a heme protein, may release free heme after its de-
struction. As shown in Figure 3b, the level of free heme in liver
was dramatically increased in the RBC resuscitation group,
whereas the level in the CO-RBC resuscitation group remained
constant 1 h after resuscitation. Furthermore, the level of free
heme in the liver was negatively correlated with the expression
of CYP protein (Fig. 3¢; r = 0.73, p < 0.01). These data confirm
that the changes of the free heme level in the liver after hemor-
rhage and resuscitation can be attributed to alterations in the
expression of hepatic CYP.
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Figure 2. The nitrogen oxide (NOx; NOz™ and NO3~) levels in plasma (a) and liver (b) in sham and hemorrhagic shock rats at 1 h after
resuscitation by RBC or CO-RBC). The values are means - SD (n = 5). *p < 0.01 versus sham group.p < 0.01 versus RBC group.
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Figure 3. Level of total hepatic CYP (a) and free heme in liver (b) in sham and hemorrhagic shock rats at 1 h after resuscitation by RBC or

CO-RBC. (c) Relationship between the level of liver-free heme and total
rats at 1 h after resuscitation by RBC (closed circles) or CO-RBC (gray
group. *p < 0.05, #p < 0.01 versus RBC group. The linear regression
(y =—0.06x + 1.19,r = 0.73, p < 0.01).

Effect of Free Heme After Hemorrhage and Resuscitation on
Adverse Effects in Liver

It is well known that an excess of heme (iron) can cause the
production of reactive oxygen species (ROS) via the Fenton
reaction.?® Therefore, we evaluated the level of lipid peroxi-
dation, MDA, in the liver. The MDA levels in the RBC resus-
citation group were significantly increased compared with that
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hepatic CYP contents to sham (opened circles) and hemorrhagic shock
circles). The values are means + SD (n = 5). **p < 0.01 versus sham
of logarithmic values was calculated using the least-squares method

in the sham group, whereas only a slight increase was found
for the CO-RBC resuscitation group (Fig. 4a). Furthermore, to
evaluate whether ROS derived from free heme is related to
tissue oxidation, the correlation between MDA levels and free
heme level in the liver was investigated. As shown in Figure 4b,
the MDA levels in the liver were significantly correlated with
the levels of free heme in the liver (r = 0.89, p < 0.01). Inter-
estingly, a good correlation between plasma ALT level and free
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